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THE IMPORTANCE OF THROMBOSPONDIN-1 ON LIMB REGENERATION 
OF THE AMBYSTOMA MEXICANUM 
ANNA SALTMAN ABSTRACT	
 Limb and digit loss poses a significant problem across the animal kingdom. 
Ambystoma mexicanum, commonly known as the axolotl, however, is one species that 
has achieved a remarkable ability to bypass the misfortune associated with a lost limb. 
Viewed as a model organism in regenerative studies, the axolotl retains extraordinary 
regenerative properties well into adulthood that humans severely lack. While the basics 
of regeneration have been described, much about the molecular processes of regeneration 
is still largely unknown. Thrombospondin-1 (TSP-1), an angiogenesis inhibitor, has been 
identified as a potential factor to play a significant role in the regrowth of limbs. 
Vascularization of tissues is vital to the survival of biological structures, and TSP-1 has 
been shown to play a regulatory role in the development and remodeling of tissue 
vasculature. Here, we study the effect of a loss-of-function mutation in the tsp-1 gene on 
the process of limb regeneration in the axolotl. Our studies reveal that tsp-1 -/- animals 
lag in regeneration time, developing smaller blastemas in the first three weeks of 
regeneration. We show that the loss of TSP-1, however, is not deleterious to the overall 
process of regeneration as late stage blastemas of the -/- animals catch up in size and 
development to the wild type animals after three weeks. Our data suggests that while 
TSP-1 may be important during the initial stages, it may not be required for proper 
regeneration.  
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INTRODUCTION	The	Axolotl	
According to Aztec legend, Xolotl, the god of fire, lightning, sickness, and 
deformities, was charged with carrying the sun through the underworld at night (“Aztec 
Axolotls” 2017). This canine deity would fetch the bones of the deceased and return them 
to the world of the living to continue the cycle of life. It was also believed that Xolotl, in 
order to avoid being sacrificed to the sun, disguised himself as an aquatic salamander, 
later to be known as the axolotl (Maffie 2013). While the axolotl does not retain the 
mythical powers of its namesake, it does have its own set of remarkable abilities. The 
Ambystoma mexicanum, more commonly known as the axolotl, has been distinguished 
through history because of its peculiar appearance and revered in science due to its 
noteworthy regenerative characteristics.  This Mexican water dog gets its nickname from 
the fact that it is exclusively endogenous to the brackish Lake Xochimilco of the Basin of 
Mexico, just outside of Mexico City (Clare 1999). Unfortunately, rapid urban growth and 
the pollution that follows, has eroded the axolotl’s natural resources to the point at which 
the salamander is now a member of the Convention on International Trade in Endangered 
Species (CITES) endangered species list (Clare 1999). However, due to the high interest 
in studying the axolotl for regenerative purposes, the species has been rescued from 
complete extinction, even if only in captivity.  
What gives this bizarre aquatic salamander its scientific importance is the fact that 
the axolotl retains the ability to fully regenerate parts of its body well into adulthood, 
including full limbs, portions of internal organs including the brain and spinal cord, the 
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tail, and parts of the eye (Tanaka 2016). These animals preserve their astounding 
regenerative abilities late into life. Since regeneration was discovered roughly 250 years 
ago by Lazzaro Spallanzani, scientists have argued over why salamanders, specifically 
the axolotl, retains the ability to regenerate while so many other species cannot 
(Dinsmore 2007, Tanaka 2013). Many have speculated that because axolotls exhibit 
neoteny, such that the animal does not undergo metamorphosis between the larval state 
and the adult stage, they have held onto the ability to fully regenerate structures with high 
fidelity (Clare 1999). However, this has been disproven as thryroxine-treated axolotls 
who are induced to undergo metamorphosis and other commonly metamorphosed 
salamanders still maintain the ability to regenerate (Monaghan et al. 2014). 
Metamorphosed axolotls induced by thyroxine show a two-fold decrease in the 
regenerative rate and have a decreased fidelity of regeneration, but these animals still had 
an impressive ability to regenerate limbs (Monaghan et al. 2014). The water-lurking 
axolotl has sparked much intrigue since the time of the Aztecs. Because of their 
renowned regenerative abilities, the Aztec people believed the salamander to be a 
reincarnation of the god Xolotl himself, and thought of the animal as a gift of food from 
the gods (“Aztec Axolotls” 2017). But to the scientific community, the axolotl represents 
a piece in the puzzle to understand how regeneration occurs, and may provide a vital step 
in advancing the ability to spread this fantastic capability to other species, including 
humans.  
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Biology	of	Regeneration	
 Limb loss is an interspecies problem, however, history has shown that the axolotl 
is better equipped to deal with this devastating impediment, making it a targeted species 
by the scientific community as a model organism. The axolotl has maintained the ability 
to regenerate full limbs, its tail, as well as parts of its face, while mammals cannot 
(Brockes and Kumar 2005). Humans on the other hand do not have the ability to 
regenerate limbs past childhood and in such cases, the regenerative ability is limited to 
the distal tips of fingers (Choi et al. 2014). Limb loss, however, is still a highly prevalent 
problem among mammals. As of 2005, 1.6 million people in the United States have lost a 
limb due to causes such as disease and trauma, with this number expected to double by 
2050 (Ziegler-Graham et al. 2008). Statistics such as these suggest the importance of 
studying axolotl salamanders to gain a better understanding of wound healing and limb 
regeneration for the medical context.  
 When an axolotl loses a limb, they undergo a wound healing process significantly 
different than that of mammals. While humans heal through scab formation and scar 
development, axolotls do not form tough scar tissue (Harty et at. 2003). Many other 
species, including other salamanders and amphibians, have an impressive ability to 
regenerate tissues early in development, but lose that attribute later in life during 
adulthood (McCusker, Bryant, and Gardiner 2015). Over the past several decades, 
regeneration in the axolotl has been studied extensively, and has revealed some key 
players in the process of regeneration.  
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Figure	1:	The	process	of	normal	limb	regeneration.	1)	Amputation	occurs.	2)	After	amputation	a	stump	remains.	3)	Within	24	hours,	a	wound	epidermis	crawls	over	the	plane	of	the	injury,	seen	in	yellow.	4)	Growth	of	an	early	stage	blastema.	Cells	of	the	blastema	appear	to	be	mesenchyme-like.	5)	Late	stage	blastema.	6)	Fully	regenerated	limb.	
The regenerative process, initiated by an injury to the animal, requires a few 
components to be successful: a permissive wound epithelium, adequate nervous supply, 
and a robust immune response. Within 24 hours after an injury occurs, cells surrounding 
the wound rapidly cover the exposed soft tissue ( Endo et al. 2004, Ferris et al. 2010) . 
This epithelial coating, the wound epithelium (WE), plays an important permissive role in 
the initiation and propagation of limb regeneration. During the formation of the WE, cells 
from the periphery divide to push the most central cells inward to cover the wound 
(Tanner et al. 2009). Growth of this covering starts from dorsal, ventral, anterior, and 
posterior aspects of the limb, meeting at its central tip and is known to influence the 
development of the blastema, a bud-like structure that contains the activated progenitor 
cells that will form the new limb (reviewed in Shimokawa et al. 2012). Studies have 
shown that when the wound is sutured closed, effectively preventing the formation of the 
WE, formation of the initial blastema and regeneration fail (Mescher 1976). The WE then 
forms the apical epithelial cap (AEC), which is the functional permissive unit of the WE, 
responsible for secreting the molecules thought to be required for regeneration (Whited 
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and Tabin 2009). The AEC shows its importance by recruiting several important factors 
to the blastema, one which – the fibroblast cells – has been studied in depth (Singer and 
Inoue 1964). 
Next, a threshold level of nerves must be present and signal to allow for blastema 
growth (Endo, Bryant, and Gardiner 2004). Without an adequate nervous signal, the 
wound would form a scar and regeneration would fail to occur (Salley and Tassava 
1981). Studies where previously denervated limbs are amputated show the initial stages 
of regeneration to the point of early blastema formation, but subsequently fail at blastema 
proliferation and do not form fully regrown limbs (Brockes 1987). It has also been shown 
that animal species with more robust innervation of the limb have higher regenerative 
prowess (Rzehak and Singer 1966).  
Finally, an appropriate early macrophage response following amputation is 
absolutely necessary for successful regeneration of the limb. It has been demonstrated 
that both pro- and anti-inflammatory signals are expressed in the blastema during 
regeneration (Godwin, Pinto, and Rosenthal 2013). One important factor of this 
inflammatory response is the cells of myeloid lineage. Researchers have illuminated the 
importance of the presence of macrophages by illustrating the failure of regeneration as a 
result of macrophage depletion in early blastema formation (Godwin, Pinto, and 
Rosenthal 2013). It is still unknown however, whether the primary role of these 
macrophages is to clear the cell debris resulting from amputation, or to secrete cytokines 
in order to initiate and propagate cell migration.  
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Once all of the necessary components are recruited to the early stage blastema, the 
AEC begins to emit signals that induce the recruitment and growth of connective tissue 
precursors, including fibroblast growth factors (FGFs), and enzymes that degrade the 
extracellular matrix (ECM) (McCusker, Bryant, and Gardiner 2015). In addition, the 
interaction of the nerves and the AEC causes the recruitment of fibroblasts, and a 
subsequent change in gene expression. This change in expression patterns allows for the 
migration of precursor cells into the blastema (Gardiner et al. 1995; Satoh, Bryant, and 
Gardiner 2008). One important change in gene expression that is seen is the reentry of 
progenitor cells into the cell cycle. Cells of the soft tissue, along with fibroblasts, are 
induced reenter the cell cycle and to migrate and accumulate at the tip of the stump, 
where they collectively form the blastema (French, Bryant, and Bryant 1976; Bryant, 
French, and Bryant 1981). In addition, genes commonly seen expressed during 
embryonic development, such as Homebox (Hox) genes, upregulate expression to allow 
for the appropriate control over blastema development (Gardiner et al. 1995). HoxA11 
and HoxA9 genes, like those seen in larval limb development, are expressed within 24 
hours of limb amputation, under the control of the wound epithelium (Shimokawa et al. 
2012). In fact, 21 different Hox genes have been suggested to play a role in the 
development of the blastema based on gene expression, each specific for a different 
region of the regenerating limb (Gardiner et al. 1995). The regulation of these genes 
however is different than that of the developing larvae due to the control by the wound 
epithelium in adult axolotls (Gardiner et al. 1995).  
	 7	
It is believed that the WE is a vital component of limb regeneration and without it, 
regeneration will fail to occur. As seen when the site of amputation is sutured closed, 
effectively removing the ability of the WE to crawl over the face of the wound, 
regeneration fails to occur (Mescher 1976). Studies of several regeneration-related genes, 
have been seen to be expressed in the WE during the regenerative process, 
thrombospondin-1 (tsp-1) being one that shows extremely high expression localized to 
the WE (Stewart et al. 2013, Whited et al. 2011). In fact, tsp-1 was seen to be so highly 
expressed in the basal region of the WE that it was intuitive to select it as a gene of 
interest in regeneration studies (Whited et al. 2011). Studies using in situ hybridization 
that identified tsp-1 expression in the basal region of the WE also showed expression of 
Figure 2: Expression pattern of tsp-1 in the developing blastema. In situ hybridization of early blastemas shows a 
distinct pattern of tsp-1 expression localized heavily in the basal region of the WE, denoted by the arrows. Blastemal 
mesenchyme (B) also shows some expressions of tsp-1, however, to a much lesser extent. Tsp-1 expression is high in 
the basal region of the WE as early as 24 hours after amputation but starts to deplete around 2 weeks post-amputation 
(Whited et al. 2011). 
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tsp-1 in the mesenchyme of the blastema, however to a lesser extent (Whited et al. 2011). 
This proximal juxtaposition suggests that tsp-1 may play a role in instructing the 
formation of the limb bud and the blastema (Whited et al. 2011).  
The blastema, an outgrowth of mesenchymal cells at the limb stump proliferate as 
an undifferientiated mass of progenitor cells. This blastema, however, has some 
autonomous properties, and therefore does not exclusively rely on the WE for signals 
throughout the entirety of regeneration (reviewed in Brockes and Kumar 2005). Studies 
have shown that transplanted blastemal masses can form normal regnerates at an ectopic 
location (Stocum 1968). This undifferentiated mass continues to grow throughout 
regenertion and then starts to develop into differentiated structures, including a patterned 
vascular circuit. It is not well understood what signals are involved in the induction of 
this vascular patterning as well as from where these signals come. The high expression of 
the antiangiogenic tsp-1 in the WE and its interspersed expression in the early blastemal 
tissue, however, make it an ideal candidate for studies on the revascularization of the 
regnerating limb. 
 Thrombospondin	1	
One of the most important factors in limb development is the vascularization of 
the new limb. Without proper perfusion, the new limb would become ischemic and fail to 
develop. Timing of angiogenesis is also essential for the proper development of other 
tissues, chief among these the skeleton. The process of endochondral ossification for 
skeleton formation has been well studied, and it has been shown that coordination of 
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vascular invasion of cartilage structures is required for correct bone formation (reviewed 
in Ortega et al. 2004). The patterning of skeleton formation and the surrounding 
vasculature have been seen to be tightly intertwined during embryonic mouse limb 
development (Eshkar-Oren et al. 2009). The skeleton and the vasculature rely on each 
other for developmental signals and vital nourishment (Eshkar-Oren et al. 2009). It has 
been observed that many thrombospondin proteins are involved in the development of the 
skeletal structure, specifically with the preceding avascular cartilaginous mold (Posey et 
al. 2008). Studies using combinatorial thrombospondin knockdowns in mice have shown 
that these proteins exhibit an impact over the organization, growth, and maturation of the 
cartilage growth plate (Posey et al. 2008). Angiogenesis in the axolotl blastema has not 
been well studied, but experiments using India ink have shown consistent patterns of 
vessel formation in the developing stump (Smith and Wolpert 1975). It has been shown 
that angiogenesis is stunted in the early stage blastema and permitted in the late stage 
blastema (Smith and Wolpert 1975).  This observation prompted speculation that nerves 
may promote revascularization because nerves invade the blastema early in the 
regenerative process, and because denervated limbs seem to lack vasculature (Smith and 
Wolpert 1975). However, another tissue may also exert control on revascularization: the 
wound epidermis. This hypothesis was hinted by the intense expression observed for 
thrombospondin-1 mRNA in the basal cell layer of the early wound epidermis (Whited et 
al. 2011). Thrombospondin-1 (TSP-1), a 450 kDa glycoprotein is the first member of the 
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thrombospondin family and has been seen to play a role in the migration, proliferation, 
and differentiation of various cell types (Adams and Lawler 2011). TSP-1 was originally 
seen to be secreted from platelets, aortic endothelial cells, fibroblasts, and smooth muscle 
cells (Armstrong and Bornstein 2003). Intriguingly, TSP-1 was the first identified natural 
anti-angiogenesis molecule (Good et al., 1990).  Studies investigating the properties of 
this multifunctional glycoprotein have shown that in high concentrations TSP-1 acts as an 
angiogenesis inhibitor in tumor tissues (Armstrong and Bornstein 2003). Given the 
known ability of mammalian TSP-1 to inhibit angiogenesis, and the intense expression of 
tsp-1 mRNA in wound epidermis in regenerating axolotl limbs, we postulate that early 
wound epidermis might inhibit revascularization.   Global RNA-seq studies show 
expression of tsp-1 is at its peak at five days post-amputation, followed by a steady 
decrease in expression through the rest of regeneration (Stewart et al. 2013). This 
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Figure 3:	Tsp-1	expression	in	the	blastema.	RNAseq	data	showing	the	expression	levels	of	Tsp-1	transcripts	in	the	blastema	at	different	days	post-amputation.	Transcripts	collected	from	the	blastema	tissue	are	quantified	at	transcripts	per	million	(TPM).	Data	from	Stewart	et	al.	2013. 
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temporal expression pattern is consistent with the hypothesis that tsp-1 might be required 
early to prevent precocious revascularization, followed by a waning of expression 
possibly to permit revascularization at the appropriate time.   
In studying the effects of certain molecules on regeneration of the axolotl limb, 
the levels of expression of such genes can be manipulated. The golden standard of which 
is knocking out a gene and observing the resulting regenerative abilities. Techniques such 
as viral infection, electroporation, or utilization of morpholinos have been used create 
loss-of-function mutations in order to determine the importance of genes during limb 
regeneration (Kuo et al. 2015). In order to create a loss-of-function mutation in tsp-1, 
researchers have used transcription activator like effector nucleases (TALENs) to 
effectively knock down the gene (Kuo et al. 2015). TALENs are engineered DNA 
nucleases injected into single celled embryos that use a customized DNA sequence to 
target a gene of interest. Once TALENs recognize the gene of choice, a Fok I-derived 
DNA nuclease creates a double stranded break in the genomic DNA (Kuo et al. 2015). 
Upon cleavage, the cell activates the highly conserved DNA repair mechanism, 
homologous recombination (HR). Normally, HR repairs the damaged DNA with high 
fidelity, but in the presence of exogenously injected homologous DNA, HR can be 
manipulated to edit the genome (Kuo et al. 2015). In previous studies, the successful 
implementation of TALENs has created an F0 generation of axolotls with an insertion-
deletion (indel) mutation in the tsp-1 locus, located at the restriction site for the BsmFI 
restriction enzyme (Kuo et al. 2015). This mutation specifically caused a frameshift 
mutation in the tsp-1 allele that ultimately resulted in the appearance of a premature stop 
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codon (Kuo et al. 2015). The resulting TALEN-edited TSP-1 protein was seen to be 
truncated and lacked its antiangiogenic domain (Kuo et al. 2015).  The resulting F0 
generation of TALENs-edited axolotls developed as mosaic animals. Researchers found 
that these F0 mosaic animals demonstrated elevated levels of cells from the myeloid 
lineage during blastema growth (Kuo et al. 2015). In addition, the tsp-1 edited animals 
exhibited a 2-fold decrease in the thickness of the sub-epidermal collagen when 
compared to the wild type axolotls (Kuo et al. 2015). However, because these animals 
were chimeric, they did not provide a definitive picture of how the loss of tsp-1 can affect 
limb regeneration. In order to gain a clear understanding, full homozygous tsp-1 -/- must 
be developed. Through the outcross of the chimeric F0 axolotls with wild type animals, a 
heterozygous F1 generation can be created, where one of the two tsp-1 alleles contains 
Figure 4: Creation of tsp-1 -/-. Injection of TALENs with exogenous DNA into a single celled embryo allows for 
the manipulation of the axolotl genome. The resulting animal grows up as a chimeric animal. Outcross of the 
chimeric axolotl with a wild type animal creates an F1 generation of TSP +/-. A cross of the F1 animals produces 
an F2 generation of tsp-1 edited animals. The F2 generation exhibits Mendelian ratios of 1 TSP-/- : 2 TSP +/- : 1 
wild type. 
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the indel mutation, while the other persists as a wild type copy. Tsp-1 +/- F1 animals can 
then be crossed to spawn an F2 generation, where both allele copies are tsp-1 null.  
 Concerns when creating complete knockdown animals arise when considering the 
lethality of a null mutation. Studies in mice have shown that a complete tsp-1 knockdown 
is not incompatible with life as populations of tsp-1 -/- animals have been successfully 
bred (Wang et al. 2003). Studies of tsp1 -/- mice have shown that in the absence of a 
functional TSP-1, the retina exhibits a two-fold increase in vascular density (Wang et al. 
2003). It was postulated that the role of TSP-1 in the development of the vasculature was 
not involved in the process of neovascularization, but rather in the remodeling of the 
newly formed vessels (Wang et al. 2003). Researchers believe that TSP-1 plays an active 
part in the loss of the existing vasculature rather than in the vascularization of newly 
Figure 5: TALEN Edited TSP1 Alleles. TALEN editing of the tsp1 gene created an indel mutation within the 
transcript resulting in a frame-shift mutation of the gene. Frame-shift mutations resulted in a premature stop codon 
expression causing a nonsense mutation and a truncated TSP1 protein. A) describes the overall structure of a wild type 
TSP1 protein as a result of a non-edited allele where the Type I tsp repeat domain is responsible for the antiangiogenic 
function of the protein. The wild type protein is 1176 amino acids (AA) long. The TSP1 protein of the strain 7 TALEN-
edited axolotl (B) results in a premature stop codon such that the protein is 48 AA. Strain 15 axolotls contain a different 
TALEN-induced indel mutation where the resulting protein is 45 AA (C). Both strain 7 and strain 15 mutations cause a 
stop in translation within the N-terminal globular domain, ending translation before the Type I tsp repeat (Kuo et al. 
2015, Whited et al. 2011)	
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forming tissues, as seen in mouse embryos (Wang et al. 2003). Functionally, TSP-1 
works to prevent angiogenesis by halting the cell cycle and promoting apoptosis of 
endothelial cells though interactions with its receptor CD36. Studies of these tsp-1 -/- 
mice have shown a decrease in the presence of apoptotic endothelial cells, and a decrease 
in the reduction of vascular density as embryonic development progressed (Wang et al. 
2003). These tsp-1 -/- animals were also shown to be more resistant to oxygen-induced 
ischemic retinopathy due to the increased vasculature as a result of the lack of TSP-1. 
From these studies it was determined that TSP-1 is a modulator of vascular homeostasis 
and is required for the appropriate maturation and remodeling of retinal vasculature 
(Wang et al. 2003).  	Vascular	Visualization	
 As early as the 16th century, investigators have made attempts to clearly visualize 
the circulation of tissues. Understanding the importance of blood and the circulation, 
scientists and artists alike have made strides to attempt to map the complex structures of 
blood flow in living organisms. Starting with Leonardo da Vinci, models and graphic 
representations have been created in order to assist with this purpose (Giuvărăşteanu 
2007). Creation of these visual representations of the circulation was used to help 
researchers understand organogenesis and pathogenesis (Giuvărăşteanu 2007). Perfusion 
using resins and waxes dyed with ink, such as India ink or carmine red, allowed for easy 
visualization of the circulation, but at the expense of the surrounding soft tissue 
(Giuvărăşteanu 2007). Obstacles presented themselves with these models, however, as 
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the high viscosity of the resin and waxes made full perfusion of the microvasculature 
incredibly difficult (Giuvărăşteanu 2007). Later attempts to visualize vasculature have led 
to a more sophisticated approach to creating a three-dimensional model of the circulation 
through techniques such as confocal and electron microscopy. With this advancement in 
technique the field of vascular visualization has shifted away from cast-molds and toward 
liquid perfusions. This progress in protocol allows for the illustration of the complex web 
of vessels while maintaining the integrity of the soft tissue, which was previously lost 
during the cast-making techniques of the past. One such liquid dye used during these 
staining procedures is DiI, a fluorescent carbocyanine dye. 
 Carbocyanine dyes are lipophilic dyes that intercalate into cell membranes upon 
contact. These dyes allow for the immediate staining of vasculature during perfusion, 
which can be seen using a confocal microscope under a green fluorescent filter. 
Structurally, DiI contains two alkyl chains, which give the dye its high affinity for the 
cell membrane (Honig and Hume 1989). Additionally, two conjugated rings form a 
fluorochrome, giving DiI its fluorescent properties, specifically emitting light in the red-
orange spectrum when excited by a green fluorescent filter (Honig and Hume 1989). 
Studies tracking the movement of neurons have shown that DiI has the ability to diffuse 
laterally along lipid membranes (Honig and Hume 1989). DiI has been previously used to 
label the membrane of neurons for the purpose of anterograde and retrograde labels, as 
well as for vascular visualization in mice (Honig and Hume 1986; Schwartz and Agranoff 
1981; Li et al. 2008). 
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 Not much has been done to study the vasculature of the axolotl in several decades. 
Because the axolotl is a model organism for regeneration, it is imperative to understand 
the role that the circulation plays in this regenerative process. The study of 
vasculogenesis and revascularization has played an important role in exploring 
organogenesis and pathogenesis in other organisms, therefore regeneration will never be 
completely understood without a solid grasp on the pattern of revascularization of 
reforming tissues in the axolotl. Studies to observe the circulation of the axolotl have 
been done with India ink many years ago, and while the results were intriguing, not much 
has been done to further explore the vasculature and its role in regeneration in several 
decades (Smith and Wolpert 1975). Using the DiI technique, a new model can be created 
of the vasculature and the process of revascularization during the regeneration process. 
 Another technique able to be implemented for vascular visualization of the axolotl 
is the use of Quantum Dots (Qdots) in a new perfusion protocol. Qdots are colloidal 
semiconductor nanocrystals only a few nanometers in diameter (Michalet et al. 2005). 
The physical properties of these nanocrystals can be manipulated to control the 
absorption and emission spectrum of the particles as well as target them to tissues of 
interest (Michalet et al. 2005). Qdot crystals are smaller than the Bohr excitation radius, 
allowing the energy levels emitted to be directly related to their diameter, or 
“tuneability,” such that larger Qdots emit a fluorescence of longer wavelengths (Michalet 
et al. 2005; “Qdot® Nanocrystals Technology Overview” 2017). Qdots exhibit 
advantages over traditional organic dyes and fluorescent proteins as Qdots have a much 
higher extinction coefficient (Grecco et al. 2004). It has been seen that Qdots have a 
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fluorescent lifetime of 10-30 seconds while organic dyes have a lifetime of 1-10 seconds 
(Wu et al. 2007).  
 Qdots also presents advantages over DiI perfusions in the study of 
revascularization of the regenerating axolotl limb. During DiI perfusions, exsanguination 
of the animal is necessary for the reperfusion and staining with DiI, therefore the end-
point nature of the DiI experiments prevents easy time-point observations in a single 
animal to be done. In order to gain a sequential understanding of the revascularization 
process during regeneration, multiple animals at different time points must be perfused 
and imaged. Using a Qdots perfusion however, the non-reactive, stable nature of the 
nanocrystals allows for multiple perfusions of the same animal. Advantages of the non-
lethal Qdots procedure allow for a time-point visualization of the revascularization 
pattern in a single animal throughout the process of regeneration. The utilization of Qdots 
in a time-point capacity can allow for the qualification of the revascularization of 
regenerating limbs in tsp-1 null axolotls. 
 Studies have shown that the lack of a functional TSP1 protein does not cause 
extremely abhorrent defects in the initial development of tissues, but does however, cause 
an increase in the vascular density of those structures (Wang et al. 2003). Based on this 
evidence and the fact that tsp1 -/- mutations are not incompatible with life, we predicted 
that a homozygous mutation of the tsp1 gene would not have an effect on the overall 
ability for the axolotl to regenerate it limbs, but may have an impact on the underlying 
circulation and structural features of the regenerating limbs.  
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This paper describes the importance of TSP-1 during limb regeneration of the 
axolotl. Through the use of the TALENs technique, we created an F2 generation of tsp-1 
null axolotls and observed their regenerative properties. Using the techniques of DiI and 
Qdots perfusion we illustrated the impact of the tsp-1 knockdown on the 
revascularization of regenerating limbs and on regeneration as a whole. 
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METHODS	Animals	
All axolotl experiments were performed in accordance with Brigham and 
Women’s IACUC. Axolotls were received from the Ambystoma Genetic Stock Center in 
Lexington, Kentucky, and bred at the Brigham Regenerative Medicine Center. Animals 
were kept in axolotl water, composed of deionized water, sodium chloride, magnesium 
sulfate, calcium chloride, and sodium bicarbonate. The water was kept at a pH range of 
6.73 to 7.25 and at a temperature of 20ºC to match the brackish water of the Mexican 
lakes to which the axolotls are indigenous. 
 Axolotl	Housing	
Animals were kept in plastic containers ranging in size depending on the animal. 
Small juveniles were fed live food, either brine shrimp or black worms, depending on 
size and capacity to handle the size of the food. As the animals grew, salmon pellets were 
sprinkled into the tanks at feeding time in order to introduce the smell of the pellets to the 
animal. Larger animals were fed exclusively salmon pellets. After several hours of eating, 
each tank was cleaned by draining the soiled water, rinsing with deionized water (diH20), 
scrubbing the tank, and replacing the axolotl water. Feeding and cleaning of the axolotl 
occured daily for young juveniles and every other day for larger animals. 
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F2	Breeding	
 One male and one female tsp-1 +/- animal of sexual maturity were placed in a 
plastic container with a small sheet rock and a few plastic plants. Ice packs were placed 
in the container to keep the water temperature cool, and the tank was placed in a dark 
location overnight. Once spermatophores were observed in the water, the male was 
removed and replaced in his original tank. After eggs were laid, the female was placed 
back in her original tank and the eggs were placed in fresh axolotl water. 
 
Figure 6: Allele Combinations of wild type, TSP +/-, and TSP -/- Axolotls. Through mating of an F1 strain 7 TSP 
+/- (B) and F1 strain 15 TSP +/- (C) animal the resulting F2 generation displayed Mendelian ratios of 1 wild type (A) : 
2 TSP +/- : 1 TSP -/- (D). The F2 TSP +/- animals contained either the strain 7 mutation (B) or the strain 15 mutations 
(C). Crossing of two TSP +/- axolotls with different tsp1 mutations resulted in a TSP -/- with two different mutated 
tsp1 alleles, however, both mutations caused a premature stop in translation, resulting in the elimination of the type I 
tsp repeat, making all copies of TSP1 functionally null. 	
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Limb	Amputation	All	procedures	were	performed	in	accordance	with	institutional	animal	care	guidelines.	At	our	 institution,	an	axolotl	was	considered	 fully	anesthetized	when	 it	failed	a	foot-pinch	test,	meaning	there	was	no	reflexive	movement	when	the	foot	was	gently	squeezed.				
Animals were anesthetized in 0.1% tricaine solution for about ten minutes, or 
until completely asleep—tested with a foot-pinch test—and were placed on their left 
flank on a tricaine-soaked paper towel. Under a stereodissection microscope, axolotls 
were amputated mid-stylopod (humerus or femur) using microdissecting scissors, while 
stabilized by surgical forceps. Skin on the remaining stump was then pushed back using 
the forceps in order to expose the stylopod bone allowing for extra resection. After 
amputation, complete soft tissue covering of the amputated bone was ensured in order to 
assist successful regeneration. Amputated limbs were submerged in 1X PBS before 
imaging. Animals were then housed in 0.5% sulfamerazine for 24 hours. Amputated 
limbs were imaged with a confocal microscope at 1.25x magnification and then placed in 
95% ethanol to initiate the skeletal preparation process. 
Surgical tools were cleaned with 70% ethanol, disinfected with a glass-bead 
sterilizer between animals, and sterilized by autoclave following the procedure.  
 Post-Amputation	Imaging	
Amputated axolotls were anesthetized in 0.1% tricaine solution to prevent 
excessive movement during imaging. A plastic container was given a bottom coating of 
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150 mL of 2% agarose gel and topped with 150 mL 0.1% tricaine to allow for animal 
submersion. Anesthetized animals were placed supine in the tricaine. Using pins stuck in 
to the agarose gel, the animal was stabilized to allow for imaging of the amputated limb 
stump at 2x magnification with a confocal microscope. Animals were replaced in fresh 
axolotl water after imaging. 
 Thrombospondin	Genotyping	
Genomic DNA preparations were collected from tail tissue samples extracted 
from the axolotl. Tail clippings were acquired by anesthetizing the axolotl with 0.1% 
tricaine solution and clipping a 1-2 mm portion of the tail tip using a sterile razor blade. 
Tail clippings were digested and DNA was extracted using a Qiagen blood and tissue 
prep kit. 
DNA samples were amplified using polymerase chain reaction (PCR). The 
forward primer for the PCR (Tsp1-geno-alt-F2) was of the sequence 5’ 
CTCACTCTCCTCAGTCTGTTTTATCTTCTAC 3’, and the reverse primer (Tsp1-geno-
alt-R1) was of the sequence 5’ CGGCCAGGTCCCTGTTGAAGAG 3’. PCR reaction 
were seeded with 1µL of genomic DNA. An annealing temperature of 61ºC was used for 
maximal amplification using these primers. The resulting sequence of the amplified 
thrombospondin1 gene was 832 base pairs (bp). Purification of the PCR product was 
done using a Qiagen QIAquick PCR purification kit. The purified product was then 
digested with the restriction enzyme BsmFI.  
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Skeletal	Preparation	
Amputated limbs were stained with Alcian blue and Alizarin red after amputation. 
Limbs were submerged in 95% ethanol in a small collection vial following amputation 
and placed on a slow rocker at room temperature overnight, however they could remain 
in the ethanol bath indefinitely if the container was well sealed. Ethanol was then 
removed from the vials using a transfer pipet and replaced with 100% acetone. Limbs 
remained in the acetone overnight on a slow rocker at room temperature. Acetone was 
then removed and replaced with Alcian blue/Alizarin red solution for two weeks and left 
at 37ºC. Vials were shaken periodically. In order to clear the limb specimen, the stain was 
removed and replaced with a solution of 1% KOH. The specimen was gently rocked at 
room temperature for several hours. The 1% KOH was then replaced with a solution of 
75%(1% KOH):25%(100% glycerol), and gently rocked at room temperature for several 
hours. This solution was then replaced with a solution of 50%(1% KOH):50%(100% 
glycerol) and rocked gently at room temperature. This step was then repeated with a 
solution of 25%(1% KOH):75%(100% glycerol). Limbs were visualized easily and stored 
in this solution, however long-term storage was best in 100% glycerol. 
 DiI	Perfusion	An	adult	axolotl	was	placed	in	a	plastic	container	filled	with	0.1%	tricaine	solution	for	10-15	min	or	until	completely	anesthetized.	The	container	was	filled	with	enough	tricaine	solution	such	that	the	axolotl	was	completely	submerged	allowing	for	complete	anesthetization.	
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An	absorbent	pad	was	placed	on	a	flat,	level	surface	with	the	absorbent	side	facing	up.	A	polystyrene	foam	frame	with	an	axolotl-shaped	cut-out	was	then	placed	on	the	absorbent	pad.	Some	extra	paper	towels	were	placed	immediately	under	the	frame	for	additional	absorbency.		The	peristaltic	pump	was	then	loaded	with	the	perfusion	tubing	and	the	set	to	pump	at	speed	4.1	rpm,	flowing	in	the	clockwise	direction.		10	mL	of	dilutent	solution	(25%	(0.7x	PBS):75%	(5%	glucose))	was	mixed	with	200	µL	of	the	DiI	stock	solution	in	a	50	mL	conical	tube	by	inversion.	A	50	mL	conical	tube	was	filled	with	0.7x	PBS.	A	27	g	butterfly	needle	was	attached	to	the	exit	end	of	the	perfusion	tubing	and	folded	such	that	the	wings	overlapped	and	were	placed	in	the	clamp	stand.	The	free	end	of	the	perfusion	tubing	was	then	placed	in	the	50	mL	conical	of	0.7x	PBS	and	the	perfusion	pump	was	run	until	the	entire	tubing	was	filled	with	solution,	then	paused.	Care	was	taken	to	ensure	the	tubing	was	free	of	air	bubbles	at	all	times,	as	these	caused	air	emboli	in	the	axolotl	and	prevented	full	perfusion.		A	paper	towel	was	placed	in	the	axolotl-shaped	mold	in	the	polystyrene	foam	frame	and	soaked	with	0.1%	tricaine.	The	anesthetized	axolotl	was	then	placed	supine	in	the	frame.		Using	surgical	forceps,	the	skin	along	the	central	axis	of	the	axolotl’s	chest,	just	below	the	line	of	the	shoulders	was	pinched	and	pulled	upward.	With	the	surgical	scissors,	a	small	incision	where	the	skin	has	been	pulled	was	made.		Removal	of	a	square	patch	of	skin	over	the	chest	revealed	two	cartilage	plates	which	
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were	removed	with	the	scissors.	Using	the	forceps	or	the	closed	scissors	the	connective	tissue	was	torn.	The	pericardium	was	punctured	with	the	scissors	and	resected	carefully,	taking	care	not	to	cut	the	heart.	The	final	chest	cavity	preparation	revealed	the	exposed	heart	and	about	5	mm	of	the	aorta.	Using	a	transfer	pipette,	periodical	flushing	of	the	chest	cavity	and	the	gills	with	tricaine	solution	kept	the	area	clear	and	ensured	that	the	axolotl	remained	anesthetized.		
With the loaded clamp stand next to the polystyrene frame, the arm was 
maneuvered such that it was easily be manipulated to insert the needle into the axolotl 
aorta. Pointing the needle’s tip toward the rostral aspect of the animal, the needle was 
inserted into the aorta, keeping the needle parallel to the vessel to avoid puncturing it 
through the opposite side. Through-and-through punctures caused massive hemorrhage 
and decreased success rates of perfusion. The peristaltic pump was then turned on to 
allow 0.7x PBS to flow through tubing. Successful insertion was confirmed by visible 
enlargement of the atria of the heart. A quick laceration of the atria with the scissors 
allowed blood to drain. Flushing with tricaine solution prevented blood accumulation and 
clot formation in the chest cavity. 
After about 20-30 mL of PBS had perfused through the axolotl the peristaltic 
pump was paused and the free end of the tubing was moved into the conical tube of DiI 
solution. The pump was then restarted and care was taken to avoid creating any air 
bubbles in the tubing. The entire working stock of DiI was then perfused through the 
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axolotl. In a successful perfusion, the axolotl changed color to the bright pink of the DiI, 
most noticeably in the gills. 
After perfusion with DiI is complete, the pump was paused and the free end of the 
tubing was placed into 4% paraformaldehyde (PFA) solution for tissue fixation by 
perfusion with at least 10 mL of PFA.  
The peristaltic pump was stopped and the needle was removed from the axolotl 
aorta in order to finish the perfusion. The axolotl was then placed on a plastic plate with a 
small amount of PBS or tricaine allowing for imaging with a fluorescent confocal 
microscope. A ET CY3 Green fluorescent filter cube was used for visualization of the 
DiI-stained vasculature, which emitted in the red-orange spectrum.  
Surgical tools were cleaned with 70% ethanol, disinfected with a glass-bead 
sterilizer between animals, and sterilized by autoclave following the procedure. Tubing 
was flushed with the PBS solution and then drained, fully dried, and stored for further 
use. All disposable materials were placed in the appropriate hazardous waste bins. 
 
Quantum Dots Perfusion 
Quantum dot nanocrystals were used to perfuse the axolotl for the purpose of 
vascular visualization. An axolotl was placed in a plastic container of 0.1% tricaine 
solution such that the axolotl was completely submerged in the solution. The animal 
remained in the tricaine until it was anesthetized, time depending on the size of the 
animal, usually 10-15 minutes.  
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While the animal was being anesthetized, the working Qdot solution was 
prepared. The volume of Qdots stock used for each perfusion depended on the mass of 
the animal being perfused such that 3µL of Qdot stock was used for 1 g of the animal (ex. 
When using a 5g axolotl, 15µL of Qdots was diluted). The mass-dependent volume of 
Qdots was then diluted with 0.7x phosphate buffer solution (PBS) to a total volume of 
25µL.  
The completely anesthetized axolotl, determined by a foot-pinch-test, was then 
placed supine on a tricaine-soaked absorbent pad. Using surgical forceps, the loose skin 
at the base of the animal’s head was lifted and a tricaine-soaked wad of lint-free tissue 
was slid under the skin to prop it up and expose the gill arteries. Using a 30-gauge insulin 
needle, the full 25 µL Qdot working solution was injected into the right gill artery.  
Perfused axolotls were visualized under a fluorescent microscope using a green 
emission filter (ex. ET CY3) after three minutes. For best visualization of the vasculature 
an exposure time of several seconds was necessary, but varied by animal. Other specifics 
for optimal imaging were a gain of 1x, saturation of 1.35, and gamma of 0.6x. Animals 
were kept wet with tricaine solution during visualization to ensure survival. 
Animals were replaced in fresh axolotl water after the procedure. The stable, non-
reactive nature of the Qdots allowed the animals to be visualized for up to three hours 
post-injection and could be re-injected daily.  
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RESULTS	
 Genotyping	of	Tsp-1	-/-	Axolotls	
 To determine which of the F2 animals were full tsp-1 -/- a tissue sample was 
collected from all of the animals. DNA preps performed from the tail clippings allowed 
for isolation of the genetic material. With this DNA prep we amplified the tsp-1 locus, 
resulting in a PCR product 832bp in length. This amplified fragment was then cut with 
the restriction enzyme BsmFI for two hours. Indel mutations in the Tsp-1 gene, as a result 
of TALENs manipulation, removed the BsmFI cut site from the gene. Tsp-1 -/- alleles, 
therefore, are BsmFI resistant during the restriction digest, and their digest product 
appears as the full 832bp. Wild type alleles on the other hand, maintain this restriction 
Figure 7: Sequence fragments for TALEN-edited tsp-1 gene. Editing of the axolotl genome causes a deletion 
mutation and a frameshift in the reading frame of the gene. Two strains, 15 and 7, were created by TALEN editing to 
remove a BsmFI restriction site, seen on the wild type gene as an arrow. The sequence recognized by BsmFI is 
located within the deleted sequence of strains 7 and 15.  
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site and are digested into two fragments, one of 357bp and the other of 475bp. TSP +/- 
samples contained one allele of the wild type variety and one allele with the indel  
 
mutation. Therefore, tsp +/- digestion products exhibited bands at 832bp, 475bp, and 
357bp.  
 Issues with genotyping presented themselves as inadequate amplification of the 
gene product. Using the forward primer of the sequence 5’ 
TAGTGTCTTCTCCTGACTCTC C 3’ and reverse primer of sequence 5’ 
CCCTGTTGAAGAGGTTCTGG 3’, amplification was insufficient for visualization with 
the naked eye. Using these primers, a lot of primer-dimer was detected and not enough of 
axolotl genome was amplified to be used in a digest with BsmFI. Upon primer redesign 
such that the forward primer is 5’ CTCACTCTCCTCAGTCTGTTTTATCTTCTAC 3’ 
Figure 8: Amplification and Digestion of the tsp-1 gene. Amplification of the axolotl genomic DNA (A) was done 
using the forward primer Tsp1-geno-alt-F2 and the reverse primer Tsp1-geno-alt-R1. PCR using these primers 
generated an amplicon of 832 bp in length (B). This fragment of the tsp-1 gene contains a restriction site for the 
enzyme BsmFI. Digestion with BsmFI restriction enzyme results in two DNA fragments, one of 357 bp and the other 
475 bp in length in the wild type axolotl. Tsp-1 -/- alleles do not contain the BsmFI restriction site and therefore don’t 
cleave during digestion (D). Indel mutations for strain 7 mutations result in an amplicon of 813 bp, while strain 15 
results in an amplicon of 804 bp. 
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and the reverse primer is 5’ CGGCCAGGTCCCTGTTGAAGAG 3’, the amount of DNA 
amplified increased. In addition, multiple PCR reaction for the same template DNA 
sample allowed for sufficient PCR product to be purified and subsequently digested. 
 
Figure	9:	Genotyping	tsp-1	-/-	axolotls.	Animals	are	genotyped	by	amplifying	the	tsp-1	gene	and	subsequently	digesting	the	product	using	the	restriction	enzyme	BsmFI.	A)	Whole	tsp-1	gene	is	amplified	by	PCR	and	run	on	a	2%	agarose	gel	to	reveal	a	band	of	832bp.	B)	After	digestion	of	the	PCR	product	with	BsmFI,	wild	type	alleles	(wt)	are	cleaved	completely	into	two	bands,	475bp	and	357bp.	An	indel	mutation	for	the	edited	axolotl	persists	at	the	BsmFI	restriction	site,	therefore	-/-	alleles	(∆)	will	not	be	cleaved	and	will	run	at	832bp.	TSP +/-s	(*)	have	one	copy	of	the	mutated	allele	and	one	copy	wild	type	allele	and	will	display	all	three	bands	after	digestion.	All	digests	are	run	along	with	a	negative	control	(original	PCR	product	with	no	BsmFI	for	comparison)	
 Limb	Regeneration	of	Tsp-1	-/-	Axolotls	Lags	in	Early	Stages	of	Development	
 The results of this study showed that the early stage blastema of the tsp-1 -/- 
animals exhibited delayed blastemal growth. Animals amputated were measured snout-
to-tail to reduce variation between population sizes. Wild type animals were an average 
of 9.3 cm in length while TSP -/- animals had an average length of 9.2 cm. 
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Measurements taken on days 4, 7, 11, 18, 21, 25, 28, and 33 post amputation 
showed significant differences between TSP -/- and wild type animals in both the fore 
and hind limb growth. Animals genotyped and determined to contain two wild type 
copies of tsp-1 were used as controls. Blastema length was compared between 
populations of control animals, tsp-1 heterozygous +/- animals, and tsp-1 homozygous -/- 
animals using the measurement analysis of a Leica microscope.  
 Early stage blastemas for all animals were visible as early as 4 days’ post-
amputation (DPA) and growth continued with a sigmoidal trend over the following 
weeks. Upon measurement of the animals, it was seen that forelimbs of tsp-1 edited 
animals showed significant delays in regeneration on 11 and 18 DPA, however, 
measurements 21 DPA and onward exhibited no significant difference between 
regenerating limb length of wild-type and tsp-1 -/- animals. Tsp-1 +/- animals exhibited 
blastema lengths with no significant difference from the controls at any time point. Wild 
type animals exhibited a steeper sigmoidal regeneration trend than the tsp-1 -/- axolotls, 
which saw a more gradual regeneration pattern. 
 ANOVA analyses of the blastema length of each population was done for each 
day of measurements. The p-value for 7 DPA was 0.367, statistically insignificant, while 
the p-values for 11 and 18 DPA were 0.013 and 0.007, respectively, demonstrating a 
significant variability between populations. At 21 DPA, the p-value returned to statistical 
insignificance at 0.559. ANOVA tests comparing the control population to the tsp-1 +/- 
group showed no statistical difference between animals on any day. 
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The hind limbs also demonstrated delayed regeneration in the tsp-1 -/- population, 
seen on 18 and 21 DPA. By 25 DPA hind limb blastemas no longer showed significant 
difference between the control animals and the tsp-1 -/- animals. ANOVA analyses for 18 
and 21 DPA produced p-values of 0.005 and 0.029, respectively. At 25 DPA, the p-value 
was 0.185, showing the same trend of a return to no variability between populations as 
seen in the forelimbs.   
Additionally, digit tip development in the tsp-1 -/- axolotl was seen to be delayed 
when compared to the wild type control. Early finger and toe development was observed 
as early as 33 DPA in all three populations of animals, however it was noted that 47% of 
tsp-1 -/- animals (N=15) displayed differentiation of distal features while 75% of wild 
type limbs (N=12) showed budding digits. Tsp-1 +/- animals also displayed digit 
appearance in the developing limb in 75% of animals (N=20).  
Imaging at 74 DPA illustrated that neither the wild type, nor the tsp-1 -/- axolotls 
had significant gross structural deformities. Both populations showed the proper digit 
numbers for fore and hind limbs, and started undergoing ossification by week 10 post 
amputation. Interestingly however, the tsp-1 +/- axolotls showed a significant delay in 
limb development, resulting in apparent dwarfed limbed and underdeveloped digits. 30% 
of the limbs showed syndactyly, as well as a few of the forelimbs showing inappropriate 
elbow joint development. 
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Figure 10: Regeneration of the Axolotl Forelimb. Regeneration of the forelimb of the 
axolotl from 7 to 33 DPA. Images illustrate pattern and variation in blastema size between wild 
type (A-G), tsp-1 +/- (H-N), and tsp-1-/- axolotls (O-U). Scale bars in the top row measure 
2mm in length and apply to all images in the figure.  
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Figure 11: Tsp-1 -/- animals showed no structural deformities when compared to control axolotls. On 74 
DPA regenerated limbs of the tsp-1 -/- axolotls showed no difference in size or structure when compared to the 
control animals. Tsp-1 +/-  animals, however, showed limbs that were significantly smaller. All scale bars are 4 
mm in length. 
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Figure 12: Regeneration Pattern for Axolotl Limbs: Pattern of regeneration for both hind and fore limbs of the 
axolotl. (A) describes the patterns of wild type, tsp-1 +/-, and tsp-1-/- populations, while (B) compares only the wild 
type and tsp-1-/- populations for a clearer visualization of the difference between groups. 
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Figure 13: Fore Limb Regeneration: Pattern of regeneration for fore limbs of the axolotl. (A) describes the patterns 
of wild type, tsp-1 +/-, and tsp-1 -/- populations, while (B) compares only the wild type and tsp-1 -/- populations for a 
clearer visualization of the difference between groups. 
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Figure 14: Hind Limb Regeneration: Pattern of regeneration for hind limbs of the axolotl. (A) describes the patterns 
of wild type, tsp-1 +/-, and tsp-1 -/- populations, while (B) compares only the wild type and tsp-1 -/- populations for a 
clearer visualization of the difference between groups. 
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B. 
	 38	
 Skeletal	Preparation	
 Amputated limbs stained with Alcian blue and Alizarin red showed no 
abnormalities in the skeletal structure of the pre-amputated limbs. Alcian blue, targeting 
acidic glycosaminoglycans, was found to richly stain the ground substance of cartilage 
structures. Alizarin red, targeting the free calcium in the specimen, was seen to darkly 
stain the bone in the amputated limbs. No noticeable differences between initial wild type 
and tsp-1 -/- limbs confirmed that the tsp-1 mutation did not cause lethality nor did it 
cause any preliminary skeletal defects in the axolotl. 
 
Figure	15:	Skeletal	Preparation	of	Pre-Amputated	Limbs.	Skeletal	preparations	of	each	original	axolotl	limb	was	done	with	Alcian	blue	and	Alizarin	red.	Alcian	blue	stain	targets	glycosaminoglycans,	showing	deep	blue	staining	of	the	cartilage	structures,	while	Alizarin	red	stains	the	free	Ca2+	stores	in	the	bone.	Staining	of	pre-amputated	limbs	of	wild	type	(A-B),	tsp-1-/-	(C-D),	and	tsp-1	+/-	(E-F)	axolotls	showed	no	gross	deformities	in	development	of	limbs	in	the	absence	of	a	functional	tsp-1.	Scale	bars	represent	5	mm	for	all	images.	
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Tsp-1	-/-		Axolotls	Show	an	Increase	in	Vascular	Density		
Perfusions with the fluorescent carbocyanine dye, DiI, resulted in the ability to 
view the full vasculature of the axolotl. With the successful perfusion of DiI the 
vasculature was able to be visualized under a confocal microscope using a green 
fluorescent filter. The circulation appeared to be red-orange shifted when viewed under 
the green filter. The best perfusion images resulted from areas of the axolotl that were 
highly vascularized and thin, reducing the background noise, which can be seen in the 
thicker tissues. Such well-imaged regions included the limbs, tail, eyes, and gills.  
A B
C D
Figure 16: DiI Perfusion as a Method for Vascular Visualization. Cardiac perfusion of the carbocyanine 
dye, DiI, allows for complete vascular visualization. Tissues such as the tail (A), limbs (B), gills (C), and eye 
(D) can be perfused and visualized well using this method. 
	4	mm		
	5	mm	
	3	mm		
	1	mm		
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	 DiI	perfusions	of	tsp-1	+/+	and	tsp-1	-/-	animals	showed	that	the	axolotls	with	a	tsp-1	null	mutation	exhibited	an	increased	density	of	vasculature	in	the	regenerated	limb.	Increased	vascular	tissue	was	seen	on	the	stylopod,	zuegopod,	and	autopod	of	the	tsp-1	-/-	regenerated	limb.	There	was	no	difference	in	vascular	density	seen,	however,	between	the	non-amputated,	contralateral	control	limb,	and	the	amputated,	regenerating	limb.			
 
Figure 17: DiI comparison of regenerated limbs to contralateral control. DiI perfusions of wild type and tsp-1 -/- 
animals showed that there was no difference in the vascular density between the regenerated limb and the contralateral 
control limb. All scale bars are 4mm in length.	
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Figure 18: Tsp-1 -/- axolotls show an increase in vascular density. DiI staining of both wild 
type (A) and tsp-1 -/- (B) axolotls showed an increase in the vascular density of the limb. 
Vascular development can also be seen to be increased not only at proximal portions of the 
limb, but also the distal digit tips in the tsp-1 -/-  axolotl. All scale bars are 4mm in length.
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Tsp-1 -/- Axolotls Show Premature Vascularization of the Blastema 
 Perfusion of wild type and tsp-1 -/- axolotls with quantum dots allowed for 
regular vascular visualization of the regenerating limb. Injections of Qdots on 7, 11, 15, 
18, and 21 DPA showed that vascular invasion of the blastema occurs earlier in the tsp-1 
-/- axolotls when compared to the wild type control. Wild type blastemas remained 
largely avascular in the first three weeks of regeneration with vascular invasion observed 
on 21 DPA. Premature vascularization was seen in the tsp-1 -/- animals starting on 15 
DPA and persisted on 18 DPA. By 21 DPA, both the wild type and tsp-1 -/-  axolotls had 
extensive vascularization of the blastema with the newest, most distal mesenchyme 
remaining avascular.  
 Statistical	Analysis	
Regenerating limbs were measured using Leica microscope computer software. 
Measurement were taken from the most distal tip of the blastema to the plane of 
amputation. Data collected was analyzed as a mean ± SEM. Data was determined to be 
statistically significant for p-values less than 0.05, calculated by a single-factor ANOVA 
for each time-point.  
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Figure19: Tsp-1 -/- animals show premature revascularization of the blastema. 
Quantum dots perfusions of wild type and tsp-1 -/- axolotls showed that in the 
absence of TSP-1, the blastema become revascularized as early as 15 DPA, as 
opposed to the wild type control, which don’t become vascularized until 21 DPA. At 
21 DPA, both control and tsp-1 -/-  blastemas have extensive vascularization except at 
the distal tip. All scale bars are 2 mm in lengths 
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DISCUSSION	
 
 In this study we sought to explore the importance of thrombospondin-1 in the 
process of limb regeneration of the axolotl. In doing so we created an F2 generation of 
tsp-1 null animals to study in our regeneration experiments. Amputation of both fore and 
hind limbs illuminated the extent to which tsp-1 plays a role in limb regeneration. 
 
Tsp-1	Mutated	Animals	Showed	Delayed	Early	Blastema	Formation	
 Vascularization of newly formed blastemas is vital in order to ensure the 
successful regeneration of a full new limb. Without the revascularization of newly 
forming tissue, blastemal cells would become hypoxic and fail to propagate proliferation. 
However, it has also been shown that in the early stages of limb regeneration, TSP-1, a 
known angiogenesis inhibitor in mammals, is upregulated and the early blastema is 
devoid of vasculature (Whited et al. 2011; Smith and Wolpert 1975). TSP-1 has been 
shown to play an important role in the early stages of regeneration as expression is seen 
as early as 24 hours post-amputation and peaks at 5 DPA (Whited et al. 2011; Stewart et 
al. 2013) 
  Results of the amputation of control, tsp-1 +/-, and tsp-1 -/- animals showed that 
the regenerative process exhibited variability between the tsp-1 -/- animals and the wild 
type animals in the first few weeks of regeneration. However, after the early blastema 
stage, roughly 21 DPA and 25 DPA for fore- and hind limbs, respectively, no difference 
was seen between the populations of axolotls.  
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 Studies of TSP-1 have illustrated its importance on the regulation of vascular 
patterning, as transgenic tsp-1 null mice display higher vascular density of the retina than 
wild type mice (Wang et al. 2003). It was also noted that the loss of functional TSP-1 did 
not have an effect on the neovascularization of the retina, but rather had an impact on the 
remodeling of the vasculature throughout embryonic development with fewer apoptotic 
endothelial cells (Wang et al. 2003). It is possible, therefore, that the loss of TSP-1 in the 
axolotl does not hinder the animal’s ability to regenerate or vascularize the newly 
forming limbs, but rather has an impact on the remodeling and maturation of the new 
vessels. As seen by the non-lethal nature of the loss-of-function mutation in both mice 
and axolotl, the lack of TSP-1 during development does not cause gross defect in the 
formation of limbs, likewise, mouse retina has shown to develop with a non-detrimental 
increase in density of vasculature (Wang et al. 2003).  
 Additionally, because TSP-1 is just one part of a five-member thrombospondin 
family, it is possible that compensation or redundancy functioning between members of 
this family plays a role in the lack of variability seen between tsp-1 -/- animals and the 
wild type controls after three weeks. Studies examining the impact of TSP combinatorial 
knock-outs have shown that TSP-1 shows no redundancy in function with TSP-3 and 
TSP-5, but instead plays an adjacent role, when studying its role in the formation of 
cartilaginous structures (Posey et al. 2008). TSP-3 and TSP-5, however, are pentameric 
proteins and differ from the trimeric structure of TSP-1. TSP-2, also a trimeric protein, 
has shown parallels to TSP-1, exhibiting control over macrophage recruitment during 
wound healing and antiangiogenic properties (Posey et al. 2008). TSP-2 functions as a 
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pro-apoptotic factor and has the ability to bind to bFGF as a method of angiogenesis 
inhibition, much like TSP-1 (Armstrong and Bornstein 2003). Studies of tsp-2 null mice 
have shown that the elimination of this antiangiogenic factor increases the migration of 
endothelial cell through the ECM and accelerates ischemia-induced injury recovery 
through enhanced revascularization (Krady et al. 2014). While TSP-1 and TSP-2 differ in 
their impact on the ECM, their functions and structures do overlap significantly (Krady et 
al. 2014, Armstrong and Bornstein 2003). It is possible that the overlapping structure and 
shared antiangiogenic impact allow for enough redundancy in function to compensate for 
the loss of TSP-1 during regeneration in the axolotl and allow for normal maintenance of 
the blastema and limb growth.  
Another member of the thrombospondin family, TSP-4 which is likely involved in 
extracellular remodeling, has been observed to be expressed in axolotl limbs exclusively 
during regeneration (Whited et al. 2011). While the major function of TSP-4 differs from 
the antiagiogenic functions of TSP-1, the expression pattern and notable presence during 
regeneration cannot exclude TSP-4 as a potential culprit for TSP-1 compensation in tsp-1 
-/- animals. Both tsp-2 and tsp-4 mRNA transcript levels were determined to be highest at 
roughly 10-14 DPA, after tsp-1 expression has diminished (Stewart et al. 2013, Whited et 
al. 2011). This delay in peak expression however, matches the delayed pattern of 
blastema growth in tsp-1 -/- animals such that regeneration catches up to that of the wild 
type animals at 21 DPA, roughly when TSP-2 and TSP-4 protein appearance would be 
high. It is possible that the compensation for TSP-1 loss exhibits a delay in appearance as 
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the up-regulation of the compensatory genes does not appear until at least a week after 
normal TSP-1 peak expression.  
 
Figure	20:	Dynamic	Expression	of	TSP	Transcripts	Post-Amputation.	mRNA	transcripts	were	measured	(transcripts	per	million)	up	to	28	DPA	in	the	blastema	of	regenerating	axolotls.	Tsp-1	has	shown	to	peak	first	at	roughly	5	DPA,	while	tsp-2	and	tsp-4	peak	later	in	regeneration,	at	14	DPA	and	10	DPA,	respectively.	Data	from	Stewart	et	al.	2013.	Vascular	Perfusions	of	the	Axolotl	Show	Decreased	Angiogenesis	Inhibition	
Vascular imaging can be successfully done using the lipophilic carbocycanine 
dye, DiI. In this study we showed how easy imaging of the complete circulation of the 
axolotl could be done utilizing the DiI perfusion protocol. Upon contact with the 
endothelial cells, DiI stains the vasculature such that it appears in the red-orange 
spectrum when excited by a green fluorescent filter. Perfusion of the axolotl was used to 
understand the process of revascularization of the regenerating tissues of the animal.  
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This axolotl DiI protocol was adapted from a mammalian model where the 
organism of choice was the mouse. Modifications of the protocol were incorporated in 
order to increase the rate of success of the perfusions. Originally, DiI was injected into 
the ventricle, which proved to be increasingly difficult in the axolotl, as the salamander 
heart contains only a thin wall of musculature. Alternatively, the aorta was selected as the 
point of needle insertion, as the aorta is anchored into the body by the ensuing vessels 
and the extensive surrounding connective tissue. An increase in the rate of successful 
perfusions was noted with this change in insertion location. A change in the orientation of 
needle insertion was also made, such that the needle was inserted directly parallel to the 
aorta. Ensuring the needle ran along the longitudinal axis of the vessel increased 
successful perfusions as it reduced through-and-through punctures, as well as needle 
slippage. However, the modification of needle insertion did not ameliorate problems seen 
elsewhere. 
Steps to stabilize the perfusion needle were taken to see to the increased success 
rate of perfusion experiments. Unstable needles were often the result of inappropriate 
vascular puncture, often leading to failed perfusions. Through-and-through punctures 
were the cause of inadequate perfusion of the circulation with the DiI working solution, 
as well as showed an increase in incomplete perfusion, likely a result of thrombosis and 
embolism. Steps to increase the stability of the perfusion needle included the 
incorporation of a third-hand clamp stand. As this stand was the appropriate size for 
holding the butterfly needle, and was easily manipulated to orient the needle parallel with 
the aorta, the use of this stand increased the rate of successful perfusions.  
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 Finally, care was taken to reduce the risk of air bubbles passing through the 
perfusion tubing. Air bubbles injected into the axolotl resulted in air emboli and failed 
perfusions. Careful transfer of the free-end of the perfusion tubing paired with the 
pausing of the peristaltic pump was included to eliminate the problem of air bubbles. 
With the incorporation of the stabilization techniques and the care taken to prevent 
aberrant vascular laceration and emboli, the rate of successful perfusion increased to 
allow for a fairly consistent perfusion procedure.  
 Using the DiI method to perfuse wild type and tsp-1 -/- axolotls showed an 
increase in the vascular density of the tsp-1 null animal when compared to the control. 
These results agree with those seen in tsp-1 -/- mice when observing retinal vascular 
density (Wang et al. 2003). It is possible that in the absence of the anti-angiogenic TSP-1, 
tissues do not have the ability to remodel and reorganize the developing circulatory 
pathways, but this mutation is not lethal nor detrimental to functioning of regeneration. 
Time point perfusions were done to gain clarity on the pattern of revascularization 
in the regenerating limb of the axolotl in both wild type and tsp-1 mutated animals. This 
process however, illuminated the downfalls of DiI perfusion. DiI perfusions are end-point 
experiments, as exsanguination is required for proper endothelial staining. In order to 
create a time-course revascularization pattern during regeneration, multiple animals at 
different time points must be perfused. This requirement dictates the use of a large 
number of animals, which can become cumbersome and makes the study vulnerable to 
the differences between individual axolotls. This was ameliorated through the 
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implementation of a Qdot perfusion as Qdots are stable, non-reactive molecules which 
allow for repeat perfusion of a single animal.  
Differences in the pattern of blastema revascularization between the wild type and 
the tsp-1 -/-  animals is likely due to the null mutation of the anti-angiogenic protein. 
With the lack of this vascular inhibitory factor, premature vascularization of the tsp-1 -/-  
blastema resulted. It is possible that this early appearance of blood vessels contributed to 
the difference in development of the blastema between wild type and tsp-1 -/-  animals. 
The apparent difference in vascular development of the blastema coincided with the 
period of significant differences in blastemal development. These results support the 
notion that compensation for the lack of TSP-1 occurs roughly 21 DPA to allow for the 
normal development of the limb. 
 Much is still unknown about the molecular process of limb regeneration. With 
thousands of genes upregulated and expressed in the regenerating limbs, a lot of work is 
still to be done to gain a comprehensive picture of the regenerative process. Future work 
is necessary to elucidate the role of all members of the Thrombospondin family. Work 
with double knockouts can be done to determine if redundancy between TSP proteins is 
responsible for normal regeneration of tsp-1 -/- axolotls. In addition, studies exploring the 
molecules responsible for interacting with TSP-1 could help with the understanding of 
the role that TSP-1 plays in regeneration and if down-stream compensation and 
regulation play a part in counterbalancing TSP-1 loss. Lastly, studies implementing 
vascular visualization techniques in a time-course illustration of revascularization of 
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regenerating limbs could be an interesting graphic for understanding the time-sensitive 
role TSP-1 plays in the overall process of regeneration.  
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APPENDIX	1	
Wild Type Animals 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Animal	 7	dpa	 11	dpa	 18	dpa	 21	dpa	 25	dpa	 28	dpa	 33	dpa	 47	dpa	
f17	 0.285	 1.147	 1.782	 1.747	 3.079	 3.270	 3.762	 6.116	
f4	 0.453	 0.616	 1.629	 1.660	 2.239	 2.413	 2.184	 5.206	
f40	 0.515	 1.181	 2.261	 2.164	 2.983	 3.089	 3.517	 4.376	
f45	 0.493	 0.952	 1.450	 1.463	 1.892	 2.840	 2.948	 5.275	
f5	 0.594	 0.832	 1.500	 1.714	 1.934	 2.280	 2.009	 2.775	
f8	 0.534	 0.776	 1.523	 2.027	 2.431	 2.751	 3.166	 4.494	
h17	 0.279	 0.649	 1.326	 1.774	 2.645	 3.068	 3.252	 6.090	
h4	 0.475	 0.591	 1.276	 1.985	 2.073	 2.485	 2.723	 5.099	
h40	 0.268	 0.905	 1.815	 2.324	 2.440	 2.909	 3.297	 6.174	
h45	 0.445	 0.625	 1.396	 1.687	 2.236	 2.506	 3.090	 5.786	
h5	 0.569	 0.560	 1.444	 1.527	 1.985	 2.512	 2.913	 5.455	
h8	 0.405	 0.774	 1.429	 1.647	 2.253	 2.645	 3.061	 5.733	
Table 1: Limb Regeneration of Wild Type Animals. Fore and hind limb regeneration measurements periodically 
through the regenerative process. Animals are all given a designated number. F refers to forelimb while h refers to hind 
limb. Limb measurements are in millimeters. 
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Tsp-1 -/- Animals 
 
 
 
 
Animal	 7	dpa	 11	dpa	 18	dpa	 21	dpa	 25	dpa	 28	dpa	 33	dpa	
47	
dpa	
f10	 0.590	 0.635	 1.166	 1.792	 2.386	 3.164	 3.360	 5.985	
f15	 0.401	 0.813	 1.523	 2.046	 2.357	 2.998	 2.658	 4.717	
f3	 0.341	 0.274	 1.214	 1.608	 2.023	 2.701	 2.355	 4.109	
f36	 0.475	 0.485	 0.996	 1.660	 2.201	 2.149	 2.436	 4.888	
f51	 0.316	 0.506	 1.492	 2.176	 2.608	 2.890	 3.241	 5.798	
f64	 0.381	 0.000	 0.851	 1.496	 2.110	 2.089	 2.655	 4.210	
f79	 0.482	 0.753	 1.116	 1.021	 1.958	 2.077	 2.589	 4.670	
h10	 0.508	 0.527	 1.110	 1.423	 2.239	 2.597	 2.960	 5.542	
h15	 0.489	 0.654	 1.384	 1.703	 2.512	 2.264	 2.325	 4.355	
h2	 0.700	 0.653	 1.195	 1.400	 2.089	 2.633	 2.847	 5.332	
h3	 0.727	 0.322	 1.015	 1.431	 2.048	 2.434	 2.672	 5.003	
h36	 0.346	 0.355	 1.098	 1.573	 1.992	 2.303	 2.771	 5.188	
h51	 0.431	 0.732	 0.898	 1.759	 1.869	 2.405	 2.279	 4.268	
h64	 0.545	 0.587	 0.788	 1.373	 1.971	 2.375	 2.448	 4.585	
h79	 0.632	 0.670	 1.259	 1.593	 2.135	 2.627	 2.930	 5.486	
Table 2: Limb Regeneration of Tsp-1 -/- Animals. Fore and hind limb regeneration measurements periodically 
through the regenerative process. Animals are all given a designated number. F refers to forelimb while h refers to hind 
limb. Limb measurements are in millimeters 
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Tsp-1 +/- Animals 
 
	
	
	
	
 
Anim
al 7 dpa 11 dpa 18 dpa 21 dpa 25 dpa 28 dpa 33 dpa 47 dpa 
f11 0.345 1.066 1.859 2.139 2.732 3.041 3.684	 5.839 
f12 0.434 0.865 1.494 1.539 2.232 1.932 2.046	 4.118 
f20 0.364 0.954 1.400 1.525 1.876 1.931 1.822	 3.689 
f22 0.447 0.886 1.556 1.589 2.135 2.857 3.474	 5.030 
f33 0.396 1.239 1.776 1.973 2.575 2.606 3.040	 5.691 
f34 0.425 0.734 1.075 1.658 2.172 2.568 2.660	 4.279 
f55 0.216 0.496 1.506 1.483 1.637 2.681 2.475	 3.914 
f6 0.588 0.529 1.537 1.641 2.164 3.232 2.571	 5.054 
f69 0.684 0.340 1.303 1.961 1.535 2.363 3.115	 5.646 
f84 0.185 0.585 1.442 1.983 1.790 2.293 2.736	 5.506 
h11 0.614 0.699 1.504 2.077 2.492 3.073 3.367	 6.306 
h12 0.605 0.865 1.649 1.529 2.174 2.102 2.091	 3.917 
h20 0.416 0.560 0.662 1.645 1.873 1.996 2.018	 3.779 
h22 0.708 0.967 1.581 0.195 2.575 2.770 3.042	 5.697 
h33 0.535 0.683 1.371 1.606 2.290 2.552 3.541	 6.632 
h34 0.465 1.118 1.440 1.375 1.917 1.847 2.052	 3.844 
h55 0.257 0.523 1.380 1.687 2.230 2.232 2.384	 4.464 
h6 0.536 0.697 1.803 2.417 2.981 3.320 3.426	 6.415 
h69 0.415 0.728 1.434 1.566 2.203 2.550 2.888	 5.407 
h84 0.416 1.000 1.241 1.653 2.212 0.309 2.576	 4.823 
Table 3: Limb Regeneration of TSP +/- Animals. Fore and hind limb regeneration measurements 
periodically through the regenerative process. Animals are all given a designated number. F refers to forelimb 
while h refers to hind limb. Limb measurements are in millimeters. 
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	 APPENDIX	2	
 
 
 
 
Animal	
7	
dpa	
11	
dpa	
18	
dpa	
21	
dpa	
25	
dpa	
28	
dpa	
33	
dpa	
47	
dpa	
Wild	type		 0.407	 0.684	 1.448	 1.824	 2.272	 2.687	 3.056	 5.723	
Tsp-1  +/-		 0.497	 0.784	 1.407	 1.575	 2.295	 2.275	 2.739	 5.128	
Tsp-1-/-		 0.547	 0.563	 1.093	 1.532	 2.107	 2.455	 2.654	 4.970	
Animal 7 dpa 
11 
dpa 
18 
dpa 
21 
dpa 
25 
dpa 
28 
dpa 
33 
dpa 
47	
dpa 
Wild type 0.443 0.801 1.569 1.810 2.349 2.738 2.994 4.707 
Tsp-1 +/-  0.453 0.777 1.451 1.662 2.190 2.750 2.750 4.877 
Tsp-1 -/-  0.491 0.531 1.140 1.603 2.167 2.514 2.702 4.911 
Table 4: Mean Limb Lengths: Mean limb length of both fore and hind limbs for all populations of animals were 
measured (mm) and compared to observed the differences between populations. For the wild type population N=12, 
the tsp-1 +/- N=20, and the tsp-1 -/- N=15. 
Table 5: Mean Hind Lengths. Mean limb length of hind limbs for all populations of animals were measured (mm) 
and compared to observed the differences between populations. For the wild type population N=6, the tsp-1 +/- 
N=10, and the tsp-1 -/- N=8. 
Animal	
7	
dpa	
11	
dpa	
18	
dpa	
21	
dpa	
25	
dpa	
28	
dpa	
33	
dpa	
47	
dpa	
Wild	type	 0.479	 0.917	 1.691	 1.796	 2.426	 2.774	 2.931	 5.215	
Tsp-1 +/-		 0.408	 0.769	 1.495	 1.749	 2.085	 2.550	 2.762	 5.002	
Tsp-1	-/-	 0.427	 0.495	 1.194	 1.686	 2.235	 2.581	 2.756	 4.942	
Table 6: Mean ForeLimb Length. Mean limb length of hind limbs for all populations of animals were measured 
(mm) and compared to observed the differences between populations. For the wild type population N=6, the tsp-1 
+/- N=10, and the tsp-1 -/- N=7. 
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Single-Factor ANOVA P-values 
 
Comparison 7 dpa 
11 
dpa 18 dpa 21 dpa 25 dpa 
28 
dpa 
33 
dpa 47dpa 
A 0.318 0.003 0.000 0.061 0.133 0.092 0.079 0.377 
B 0.844 0.774 0.233 0.295 0.249 0.130 0.234 0.549 
C 0.419 0.003 0.0008 0.653 0.827 0.592 0.770 0.832 
 Table 7: P-values for Single-Factor ANOVA Tests: Three single-factor ANOVA tests were run to compare all of the 
groups for both fore and hind limbs. Comparison of the wild type and tsp-1 -/- groups is Comparison A, comparison of 
the wild type and tsp-1 +/- groups is Comparison B, and comparison of the tsp-1 +/- and tsp-1 -/- groups is Comparison 
C. Statistical significance is seen when comparing the wild type vs. tsp-1 -/- populations, and tsp-1 +/- vs. tsp-1 -/- 
populations on 11 dpa (p-value < 0.05) and 18 dpa (p-value < 0.005), demonstrating a lag in the early stage regeneration. 
No statistically significant difference is seen after 18 dpa when comparing any of the three populations. 
Comparison	 7	dpa	 11	dpa	 18	dpa	 21	dpa	 25	dpa	 28	dpa	
33	
dpa	
47	
dpa	
A	 0.0610	 0.1413	 0.0051	 0.0285	 0.1846	 0.0464	 0.0111	 0.011	
B	 0.1861	 0.2884	 0.7733	 0.3408	 0.8843	 0.2642	 0.2338	 0.234	
C	 0.4266	 0.0181	 0.0229	 0.8378	 0.1707	 0.5589	 0.7153	 0.715	
Table 8: P-values for Forelimb Single-Factor ANOVA Tests. Three single-factor ANOVA tests were run to 
compare all of the groups for fore limbs. Comparison of the wild type and tsp-1 -/- groups is Comparison A, 
comparison of the wild type and tsp-1 +/-groups is Comparison B, and comparison of the tsp-1 +/- and tsp-1 -/- groups 
is Comparison C. Statistical significance is seen when comparing the wild type vs. tsp-1 -/- populations, and tsp-1 +/- 
vs. tsp -1 -/- populations on 11 dpa (p-value < 0.05) and 18 dpa (p-value < 0.05), demonstrating a lag in the early stage 
regeneration. No statistically significant difference is seen after 18 dpa when comparing any of the three populations. 
Comparison	 7	dpa	
11	
dpa	
18	
dpa	
21	
dpa	
25	
dpa	
28	
dpa	
33	
dpa	
47	
dpa	
A	 0.367	 0.013	 0.007	 0.558	 0.387	 0.437	 0.584	 0.703	
B	 0.332	 0.292	 0.156	 0.715	 0.149	 0.314	 0.613	 0.732	
C	 0.782	 0.067	 0.018	 0.677	 0.372	 0.891	 0.981	 0.930	
Table 9: P-values for hind limb Single-Factor ANOVA Tests. Three single-factor ANOVA tests were run to 
compare all of the groups for hind limbs. Comparison of the wild type and tsp-1 -/- groups is Comparison A, 
comparison of the wild type and tsp-1 +/- groups is Comparison B, and comparison of the tsp-1 +/- and tsp-1 -/- groups 
is Comparison C. Statistical significance is seen when comparing the wild type vs. tsp-1 -/- populations, and tsp-1 +/- 
vs. tsp-1 -/- populations on 18 dpa (p-value < 0.05) and 21 dpa (p-value < 0.05), demonstrating a lag in the early stage 
regeneration. No statistically significant difference is on 125 dpa when comparing any of the three populations, the 
variability in comparison A returns to significance (p-value < 0.05) after 28 dpa. 
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